Since the discovery of topological insulators (TI), there are considerable interests in demonstrating metallic surface states (SS), their shielded robust nature to the backscattering and study their properties at nanoscale dimensions by fabricating nanodevices. Here we address an important scientific issue related to TI whether one can clearly demonstrate the robustness of topological surface states (TSS) to the presence of disorder that does not break any fundamental symmetry. The simple straightforward method of FIB milling was used to synthesize nanowires of Bi2Se3 which we believe an interesting route to test robustness of TSS and obtained results are new compared to many of the earlier papers on quantum transport in TI demonstrating robustness of metallic SS to gallium (Ga) doping. In presence of perpendicular magnetic field, we have observed the co-existence of Shubnikov-de Haas oscillations and linear magnetoresistance (LMR) which was systematically investigated at different channel lengths indicating the Dirac dispersive surface states. The transport properties and estimated physical parameters shown here demonstrate the robustness of SS to the fabrication tools triggering flexibility to explore new exotic quantum phenomena's at nanodevice level.
Introduction
Recently TIs have generated intense research in understanding the topologically non trivial quantum states and their potential applications in spintronic devices [1] . Low temperature electrical transport measurements done on nanoscale devices possess a key role in understanding many peculiar phenomena predicated with these materials but the access is limited due to isolation of surface state and their simultaneous electrical probing. One of the reasons is the presence of residual bulk carrier contributing to the surface transport [2, 3] .
Notably, TIs based devices demand independent metallic surface states and should have completely insulating interior bulk [4, 5] . TSS have been demonstrated successfully through transport measurements such as Shubnikov-de Haas (SdH) oscillations [6] , weak-anti localization (WAL) phenomena [7] , high carrier mobility [8] etc. Cao et al reported the quantized hall effect and Shubnikov-de Haas oscillations in highly doped TI films (Bi2Se3)
arising from the bulk of the sample but not from the surface states [9] and the related theoretical work explained the bulk contributions [10] . We show that nanostructures of TIs can be fabricated by FIB and Ga doping can be used as test to reveal the robustness of the surface states and linear MR accentuate the role of gapless linear energy dispersion. Here, by performing low temperature transport measurements, we report direct observation of quantum oscillations in Bi2Se3 nanowires which show SdH interference effects and support the quantum mechanically protected nature of topological surface states to device fabrication by FIB and gas induced metal deposition.
Our findings are relevant since it is known that topological surface states (TSS) are robust to any material deformation and nonmagnetic impurities. Previously Fukui et al. have used the FIB milling to etch Bi2Se3 films down to submicron width and studied their length dependence room temperature electrical conductivity [11] . Here we employed FIB fabricated nanowires to investigate the TSS in a TI based material which has also been deformed due to milling mechanism. Fabrication of TIs based 1D nanodevices and their transport properties shown here can be easily tuned further to make very complex nanodevices having patterned nanowires, circles, meander lines or even 3D nanostructures which are not possible with any other synthesis method. We believe that new complex nanodevices can be easily fabricated further and potentially exploited in studying the exotic electronic properties associated with TI based nanodevices.
Methods
Micromechanical exfoliation technique (scotch tape method) [12] was used to get thin flakes of Bi2Se3 on Si/SiO2 chips which were already cleaned chemically (acetone, isopropanol, methanol, DI water) and with oxygen plasma (Euro plasma). Optical microscope (Olympus MX51) and FESEM was used to localize very thin flakes. Atomic force microscopy (AFM) and cross-sectional FESEM techniques have been used to calculate the thickness of the deposited flakes. Focused ion beam (FIB, Zeiss Auriga) milling (Ga ions) was used to fabricate the nanowire from Bi2Se3 thin flake. The schematic and FESEM image of milling procedure for nanowire fabrication is shown in figure 1(a) . Platinum (Pt) electrodes were deposited on the nanowire using precursor based gas injection system (GIS). 
Results and Discussion
We have investigated three fabricated devices (N10, 11 and 12) having similar (239  9nm) nanowire widths (248, 230 and 241nm) and different channel lengths (850 nm, 150nm and 1.8 µm, distance between two voltage reading metal pads) respectively through low temperature electron transport measurements using a physical properties measurement system (PPMS by Quantum design). The normalized RT curves are shown in the figure 1(b). All three samples showed increase in resistance as a function of decrease in temperature (like semiconducting properties) but to the surprise sample N12 showed small fluctuations in resistance for the temperature range 7 to 4K and sudden drop in resistance was noticed below 4K (inset figure. 1(b) ). Such observations are more common in superconducting samples or for the case where topological insulator is doped with superconductor [13] . It is not fully understood in our case for the sample N12 whether Ga milling and doping playing the role behind the observed effect because it is known that FIB deposited tungsten (combination of W, Ga and C,) nanowires shows Tc ≈ 5.2K [14] which is few orders better if compared to pure tungsten material (Tc ~11mK) [15] .
To get the insights on TSS associated with fabricated nanowires, we performed MR measurements by applying an external magnetic field perpendicular to the direction of flow of current in the device and the coexistence of SdH oscillations with symmetric LMR was observed in all three samples (N10-12). The normalized MR curves measured at different base temperatures for three samples are shown in figure 2 (a-b) and 3(a). A closer look at the curves for temperatures 2K, 4K and 6K, explains that resistance oscillates or fluctuates demonstrating the coexistence of SdH oscillations and LMR. The oscillations in MR curves in presence of perpendicular field has been observed earlier as Shubnikov-de Haas (SdH) oscillations in thin bismuth nanoribbons [16] , bismuth selenide nanoplates [8] and bismuth telluride nanowires [17] . Further MR curves at high temperatures (10K) when compared to low temperatures (6K) indicate that oscillatory part in the MR curves increases with decrease in the temperature. To investigate the robust nature of TSS, here we present the channel length (CL) dependent MR analysis of the above samples (N10, N11 and N12). For the short CL (150nm, figure   2 (a)), the MR at higher temperature (10K, 12K) noticeably shows linearity for the applied B field (0-7T) but MR at lower temperatures (≤ 6K) show deviation in linearity at higher fields (>3T) and this observation was consistent for CL 850 nm also ( figure 2(b) ). This could be due the fact that SdH oscillations originating from the surface states start to dominate LMR at high field. Strong SdH oscillations have been studied in the past at high field (B) in TI based materials and the crossover point where linearity deviates has been witnessed in other TI materials too [18, 19] . R(T)/R(12K) versus T(K) curves measured for above CLs demonstrate shown by an arrow in inset (up). MR curves at 10K and 12K overlays completely on top of each other indicating that MR doesn't show dependency on higher temperature (10 K) in our measurements. Previously LMR in TIs films was found dependent on competing two components-logarithmic phase coherence and quadratic component with a dominance of quantum phase coherence up to high temperature was observed [20] . The signature of WAL is reported coming from bulk or TSS or both is still confusing but our CLs study indicate that transport properties may become more diffusive at longer CL and specially the case of gallium doping which we have experimentally observed for the first time. From the above MR experiments performed on different CLs we observe that oscillations become more clear and distinguishable with decrease in temperature and increase in CL. The transport through longer channels manifests diffusive quantum transport in a disordered electron system and quantum interference effects are more dominant giving rise to WAL effects that forms cusp like feature. The observed WAL showing sharp cusp formation in the MR plot of fabricated nanowires was taking place at low temperature and low magnetic fields which is consistent with previous studies performed on topological insulator based material Bi2Te2Se where they have observed high field MR is linear and nearly independent of temp over the range (T =7 to 150 K) [20] . The MR curves at 2K for above CLs have been plotted in figure 4 where the curves were shifted for clarity and following modified HLN (Hikami-Larkin-Nagaoka) fit was used. To get more insight into the surface state transport parameters of the above device measured under perpendicular field, the amplitude of the oscillations has been studied further to get the estimated values of cyclotron frequency , cyclotron mass (mc), Fermi velocity , Fermi energy , Dingle temperature, the transport lifetime of electrons, mean free path, mobility and metallicity parameter. For estimation of above parameters, analysis was carried out by using Lifshitz-Kosevich (LK) theory which report the field dependent oscillations in the resistance as [3, 21, 22 ]
where ∆ =resistance fluctuation, A is the temperature dependent amplitude which is proportional to Solving for TD we get,
From the slope of the inset (2K fit line) in figure 3(d) , we get the TD = 2.43K. The transport lifetime of electrons or total scattering time can be estimated from the TD that is, = One more fabricated device S1 having nanowire width ~ 640nm was studied through low temperature electron transport measurements (inset in figure 5(a) ). For S1 ( figure 5(a) metallic surface states conduction is dominating factor in fabricated nanodevices (S1).
Previously a peculiar non-symmerty in MR was observed in high-index (221) Bi2Se3 films and origin of disorder was predicated possibly arising from the electron surface accumulation layer [24] . The devices used here were fabricated by FIB milling using Ga to make the nanowire from the flake which may implant some Ga impurities in the material which is unavoidable. Even though very precise slices of flakes can be achieved with FIB operating with low milling current (< 50pA) but there is a chance that milled out material might get slightly deformed.
Additionally to make electrical pads of Pt for low temperature electrical transport studies, the GIS were employed which uses gaseous phase of molecules that may deposit some contamination [25] . It is very difficult to determine the amount of contamination at nanostructure level but transport signatures through these devices show robustness of TSS and the related properties do not get altered by device fabrication technique. From the experimental analysis, we conclude that devices investigated here demonstrate the existence of TSS in TIs based FIB fabricated nanoscale devices. Previously in TI materials like Bi2Se3, WAL effects observed in MR was correlated to 2D whereas the work on In-doped SnTe nanoplates revealed the dependence of surface state of topological crystalline insulator on the level of doping and the observed 2D linear MR at high magnetic field was attributed to Dirac dispersive states [13] . Further they reported that the observed WAL in InxSn1-xTe nanoplates is a bulk effect. Our fabricated nanowire sample ( figure 3(a) , N12) does show a sharp cusp but only at low temperature and low magnetic field. At large magnetic fields and temperatures >4K WAL effect was not observed. Note that in agreement with our LMR results, recently such WAL effects was observed at low magnetic fields in In-doped SnTe and their angle dependence (0 to 90°) MR measurements revealed that WAL feature was overlapping perfectly for all angles of the B and thus it was mentioned that WAL feature is a 3D bulk effect. Further in agreement with their results we have also observed that above 10K WAL feature disappears ( figure 3(a) ). The observed LMR in short CL (figure 2(a))
could be due to the Dirac-dispersive nature of surface states which is the property of TIs. The possibility of LMR was earlier proposed by Abrikosov in gapless linear dispersive energy spectrum under the condition of first landau level is filled, indicating the possibility of nonsaturating linear MR [26] , whereas Wang and Lei theory suggested the presence of gapless linear spectrum overlapping with Landau level [27] . Further, we have observed the slope of the LMR (inset figure 3(b) , sample N12) is temperature independent which is in agreement with the experimental findings of temperature independent LMR observed in In doped SnTe.
Conclusion
We show a simple method of TIs based nanowire fabrication from high quality micromechanically exfoliated flakes. The low temperature transport studies through RT measurements showed semiconducting (N10-12) behaviour. From the Landau plot, we have observed SdH oscillations close to ½ shifted, indicating the 2D metallic surface states. The parameters estimated from the MR oscillations are in the order similar to those published in the literature. Finally, we have found that quantum oscillations in FIB fabricated nanowire survive even after exposed to a rigorous milling process using Ga ion and to gas phase metal deposition process indicating the signatures of topological states and their robustness. We emphasize here that it is very likely for many topological insulator based devices can be fabricated using our approach to study the surface transport properties at 1D/2D level and can be exploited for investigating interesting fundamental problems or exotic physics like magnetic monopole, Majorana fermions etc. in near future . 
Smoothing filter used for experimental data
The Savitzky-Golay digital filter in OriginPro 8 software is used to smooth the experimental data in order to increase the signal to noise ratio. A second order polynomial is used on a 10-point window to filter the data. A convolution process is used to fit successive data sets of 10 point each with a second degree polynomial using the method of linear least squares. 
